A harmonic rejection mixer (HRM) with current mirror amplifier for digital TV tuner applications is proposed. In the proposed HRM, gain ratio can be set accurately using the current mirror amplifier to achieve high harmonic rejection ratio without mismatch calibration circuits. Owing to a folded switching stage, a harmonic rejection ratio of the HRM is also immune to a supply voltage variation and the HRM can be designed at a lower supply voltage compared to a conventional HRM. A third and fifth-order harmonic rejection ratio of the proposed HRM are 52.6 and 50.8 dB. The harmonic rejection mixer consumes 11.5 mA from 1.5 V supply voltage.
Introduction
In CMOS DTV tuners operating in the wide frequency bandwidth of 48-862 MHz, odd harmonic mixing is an important problem for the very high frequency (VHF) band of 48-300 MHz. Due to its broadband frequency spectrum, odd harmonics of a square-wave local oscillator (LO) signal are mixed with the wideband RF input signals. Then, the RF input of the unwanted channels is down-converted to a baseband located at the desired channel, which causes degradation of the signal-to-noise ratio (SNR) of a receiver. The use of a harmonic rejection mixer (HRM) is a solution to reduce odd harmonics [1, 2] . However, the harmonic rejection ratio (HRR) performance of the HRM is degraded by gain and phase mismatches, and mismatches are sensitive to process, supply voltage, and temperature variations. The resulting HRR performance is usually limited by the amount of mismatches.
In this paper, a HRM based on current mirror amplifier with accurate gain ratio is proposed to achieve high HRR without complex mismatch calibration circuits. And the HRR of the proposed HRM is immune to a supply voltage variation and the HRM is facile to be designed at a lower supply voltage compared to a conventional HRM. The circuit technique to improve the HRR of the proposed HRM is explained in detail and simulation results are reported. Fig. 1 (a) shows a schematic of a conventional HRM [1, 3, 4] . The conventional HRM consists of three current-switching sub-mixers. The transconductor (g m ) stage of each submixer is driven with RF input signal and the switches are driven by the three phase-shifted square LO signals. The current output of the three submixers is summed and converted to voltage by the current summing load stage.
Circuit implementation

Conventional harmonic rejection mixer
In the conventional HRM, the scaling factor of √ 2 in the middle submixer was achieved by scaling the tail current source and the transconductance stage. The gain ratio of the three submixers is sensitive to mismatches and nonlinearity among three transconductance stages. It is also sensitive to mismatches among the three tail current sources. Thus, the HRR performance of the conventional HRM is degraded by an accuracy of the gain ratio of the three submixers. 
Proposed harmonic rejection mixer
The block diagram of the proposed differential HRM is shown in Fig. 1 (b) and its circuit design is also shown in Fig. 1 (c) . It consists of a transconductance (g m ) stage, three active current mirror stages, three switching stages, and a current summing stage. In the proposed HRM, the transconductance stage is commonly used to convert RF input voltage signal to current, while the conventional HRM uses three different transconductance stages. In the HRM, the gain of the current mirror amplifier can be accurately set through the scaling ratio of current mirrors. Thus, the proposed HRM has higher HRR performance due to the accurate gain ratio of the three submixers.
Owing to the folded switching stage, the HRR of the proposed HRM has immunity to the supply voltage variation and the HRM can be designed at lower supply voltage compared to the conventional HRM. Gain mismatch among current mirrors and phase mismatch due to nonideal LO generator degrade the harmonic rejection.
The gain of the current mirror amplifier can be accurately set through appropriate scaling factor (N ) in current mirror amplifier. However, the operating frequency of active current mirror is limited approximately by f T /N , where f T is the transistor cut-off frequency and N is the scaling ratio of the two current mirrors [5] . In this design, the operating frequency of current mirror amplifier is high enough because low gains of 1, √ 2, and 1 are needed. Because the current mirror amplifier is highly linear in regardless of bias current, nonlinearity of the proposed HRM is limited by the RF transconductance (g m ) stage. To improve the linearity of the proposed HRM, a linearization technique using derivative superposition method [6] is adopted to the transconductance stage. The optimum values of bias voltage and LO amplitude at the switching pairs are determined for optimizing gain and harmonic rejections [7] . And also, a proper bias current of the switching stage is determined by bypass current sources to lower current consumption and 1/f noise in the switching stage.
Simulation results
To prove the usefulness of the proposed HRM with the current mirror amplifier, circuit level simulations were performed with Spectre RF using 0.13 µm RF CMOS technology. The proposed and conventional HRM consume a same current of 11.5 mA from a supply voltage of 1.5 V. Fig. 2 (a) shows the simulated third and fifth order HRR with changes of LO frequency. The performance of the proposed HRM is compared with the conventional HRM. When two-tone signals at 51 and 152 MHz are applied to the RF input and the LO signal is applied at 50 MHz, the fundamental and the third-order harmonic signals are down-converted to 1 and 2 MHz, respectively. To evaluate the third-order HRR, we measure a difference between the fundamental power and third-order harmonic. As shown in Fig. 2 (a) , the simulated third-order HRR of the proposed HRM is 52.6 dB and that of the conventional HRM is 46.9 dB. When two-tone signals at 51 and 253 MHz are applied with the LO signal of 50 MHz, the fundamental and the fifth-order harmonic signals are down-converted to 1 and 3 MHz, respectively. In a similar way, to evaluate the fifth-order HRR, we measure the difference between the fundamental power and fifth-order harmonic. As a result, the average third and fifth-order HRR of the proposed HRM are about 2 and 4 dB higher than that of the conventional HRM, respectively. Fig. 2 (b) , (c) and (d) show the HRRs at an LO frequency of 50 MHz with the process, supply voltage and temperature variations, respectively. In Table I . Performance summary and comparison. Fig. 2 (b) , a HRR variation of the two HRMs with the process is about 2 to 3 dB. In Fig. 2 (c) , a third and fifth order HRR variation of the proposed HRM with the supply voltage is 1.3 and 0.6 dB, and that of the conventional HRM is 4.7 and 4.1 dB. In Fig. 2 (d) , a HRR variation with temperature is about 1 to 2 dB. The HRRs of the proposed HRM show low sensitivity against the supply voltage variation due to the folded switching stage. Fig. 2 (e) shows the HRRs of the two HRMs with the gain mismatch when the phase mismatch is 0 • at an LO frequency of 50 MHz. The gain mismatch is generated by adjusting the scaling ratio of the current mirrors for the proposed HRM, and adjusting current ratio of the current sources and size ratio of the transconductance stage for the conventional HRM. For 1% gain mismatch, 48.7 and 49.6 dB of rejection is achieved for third and fifth order HRR of the proposed HRM and 44.1 and 50 dB is achieved for that of the conventional HRM, respectively. Fig. 2 (f) shows the HRRs of the proposed HRM with the phase mismatch when the gain mismatch is 0% at an LO frequency of 50 MHz. The phase mismatch is generated by delaying LO signals. For 1 • phase mismatch, 47 and 49.7 dB of rejection is achieved for third and fifth order HRR of the proposed HRM and 45.3 and 50.4 dB is achieved for that of the conventional HRM, respectively.
The noise figure of the proposed HRM is 9.4 dB. The IIP3 of the proposed HRM is −8.9 dBm at a gain of 15.4 dB when two-tone signals at 70 MHz and 80 MHz are applied to the RF input and the LO signal is at 50 MHz. The simulated results are summarized in Table I . The proposed HRM operates at a supply voltage of 1.5 V and its total current consumption is 11.5 mA.
Conclusion
In this paper, the proposed HRM with the current mirror amplifier for digital TV tuner applications was presented. Accurate gain ratio of three submixers can be determined by the scaling ratio of current mirror amplifier. The HRRs of the HRM also has immunity to the supply voltage variation and the HRM can be designed at a lower supply voltage compared to the conventional HRM because of the folded switching stage. The proposed HRM achieves the third-order HRR and fifth-order HRR of 52.6 and 50.8 dB, respectively, which is about 2 to 4 dB higher than that of the conventional HRM on average. Thus, the proposed technique can be used in the design of high harmonic rejection CMOS HRM for wideband receiver without using complex mismatch calibration circuits.
